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Abstract

The Infrared spectrum of CO chemisorbed on alumina-supported Rh atoms

has been investigated. In agreement with previous work, three types of

adsorbed species have been clearly distinguished on the basis of their C-O stretch—

In g frequencies. Species I, assigned as Rh(CO)2, is formed only wi th Rh atoms

which are Isolated from each other Species II, assigned as Rh—CO. and III ,

assigned as Rh2CO, are formed on Rh clusters having two or more Rh atoms.

CO—species II and III undergo Interactions wi th neighbor CO species causing

• an Increase In wavenunther as covera ge increases . Based on infrared intensity

measurements for species I, the OC—Rh-CO angle is —90°. Chemisorbed 13C0

yIelds the expected infra red spectrum on Rh, and rapid Isotopic exchange between
‘3C0(ads) and 12C0(g) is observed which cannot be explained by the observed rate

of desorption of CO from the supported Rh surface.
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• I. INTRODUCTION

The chemisorptlon of CO on transition metals has been studied by many

physical techniques in an effort to understand the molecular and electronic

character of the adsorbed species. The surface measurment techniques at our

disposal range from those useful for studying adsorbed layers on single crystal

surfaces to other techniques which may be more readily applied to metal

adsorbents which are highly dispersed on inert , high area, supports . It Is

the latter class of surfaces which more closely resemble heterogeneous

catalysts used in practice, and in fact the ability to disperse precious metals
• has been of major importance In enhancing their usefulness as catalysts .

While the study of single crystal adsorbents represents a lin~i t  of

refinement In one~direction (e.g., high-puri ty substrates , well-defined atomic

periodicity and electronic character , etc.), dispersed metal catalysts can in

principle achieve a limiting case in the opposite direction (atomi c dispersal

to the limit of single isolated metal atoms). Compari sons between chemisorbed

CO on single metal atoms (or small metal clusters) and the vast literature of

metal carbonyl chemistry have often been made~~~~~Such comparisons are often

extended to single crystals containing chemisorbed CO~~~’

One of the best ways to study the structure of chemisorbed species

involves the use of vibrational spectroscopy. This has been effecti vely

carried out on single crystals using electron energy loss spectroscopy (EELS) (3
~

6)

as well as reflection-absorption infrared spectroscopy (RA IS)~
7 9

~. On

dispersed metals, Inelastic electron tunneling spectroscopy (lETS ) has recently

been e ployed(10). However, most vibrational work to date on dispersed metals

has been done using transmission Infrared spectroscopy(h1 e 12). For both single

crystals and dispersed metals, the infrared techniques currently offer the

highest frequency resolution , and this technique is therefore more suitable for 
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work involving isotopic labeling where small spectral shifts may be Involved.

The chemisorptlon of CO by supported Rh has been well studied in the past,

using infrared spectroscopy . For A1203-supported Rh , Yang and Garland
(13)

first postulated that at low Rh concentrations , where sintering did not occur at

reduction temperatures below 2000 C, Rh existed in a condi tion closely

approachIng atomic dispersion (i.e. isolated Rh atoms). This picture has been

confirmed by others on A1203~
’4 ’7

~ although there are differences in interpretation

regarding the degree of dispersion. Yao and Rothschild~~
7
~ regard the Rh as

existing as isolated atoms on Al203 at 0.9 wt. % Rh on y-A12O3. D. j . c. yates(16)

regards the Rh to exist as tiny “rafts ,” containing about 7 atoms , with 6 atoms

being edge atoms and behaving as if they are isolated. It has been shown in

several laboratories that these highly dispersed Rh atoms are able to adsorb

2 CO molecules each , yielding a doublet in the infra red spectrum corresponding to

syemtetric and antisyimietric coupling between pairs of CO molecules adsorbed on

• the same Rh atom(13 17
~ The closecorrespondence between the doublet frequencies

and the spectrum of Rh2(CO)4C12 and Rh2(CO)4Br2 (which contain pairs of linear

CO molecules on each Rh atom(l3~
]8
~
19)) leaves little doubt regarding this

• assignment.

= In this paper, we relnvesti gate the CO/Rh system using Infrared

spectroscopy, volumetric uptake and isotopic substi tution.

II. EXPERIMENTAL

The infrared cell used in these experiments Is shown In Figure 1. It’

consists of two stainless steel “conflat” flanges containing 33 m diameter

CaF2 single crystal windows which are sealed to a Ag ring using AgCl cement.

Such windows are coninercially available~
2
~~. The cell may be assembled using

- - - -  — - - - --~~-~--. ~~~~~~~~~~~~~~~~~~~~~~ • -~~~~~ ~~~~ ~~~~~
--=
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Cu gaskets and a double—sided flange which serves as the central section of

the cell.

The vacuum system used in this work is a small bakeable all-metal system —

capable of being pumped below io 8 torr with a 20 ~ sec ’ Ion pump. In addition,

for handling higher pressure gases, the system may be evacuated with a £-N2
trapped forepunp. Pressure may be measured with a bakeable Baratron capacitance
monometer to ± 0.001 torr. A Bayard-Alpert gauge Is used for background
pressure measurements below 1O 4 torr.

The Rh samples are supported on A12O3~
21

~ and are prepared as described by

Yang and Garl and(13). Briefly, an aqueous solu tion of RhC13 Is di luted 10:1

with reagent-grade acetone and high-area Al203 is added wi th sti rring. This

slurry Is continuously mixed while being sprayed wi th an atomizer onto the

CaF2 window maintained at 800 C. Flash evaporation of the solvent during

spraying leaves an adherent coating on the window. The weight of these deposits
.

~~~~ ~~~~~~ and the Rh content is 2.2% by weight. The cell is then assembled

and the deposit Is degassed by pumping at room temperature. Following this ,

the deposit and the cell are heated in a circulating-air oven to 1500 C for

4 hours while degassing with the Ion pump. Reduction to Rh metal is achieved

using H2(g) (Matheson grade 99.9995% pure) which has been stored at 1.3

atmospheres in a stainless steel tube ininersed in £-N2. Three sequential 400 cm3

( charges of H2 at -180 torr are used during reduction at 150
0 C, with the final

reduction being carried out for 1 hour. Following reduction, the Rh/A1203 is

outgassed at 1750 C for —8 hours unti l the background pressure falls below

1 x io 6 torr. Following cooling , a background IR spectrum from 4000 cm 1

to 1000 cm~ is recorded. The sample is then ready for adsorption experiments.

All spectra reported have been obtained by subtraction of the smooth background.I

_ _ _ _ _ _ _ _  _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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The infrared spectrometer Is a Perkin-Elmer Model 180 grating spectrometer

operated in the 2000 cn1~~ region with a spectral resolution of 2.6 cm~~.

Spectra are recorded in the absorbance mode using the double beam facility.

Cal ibration of the instrument’s absorbance scale Is carried out using standard
density grids. The wavenumber scale was callbrated(22) above 2000 cm4 with

a gas cell containing CO(g) at —150 torr. Below 2000 cm4 the Q-branch of

H2CO(g) at 1750 ~~
.1(23) was usedas a calibration point. A 5 cm4 shift in the

two scales occurs at 2000 cm 1 due to a grating change in the spectrometer.

The reported spectral features in this paper are accurate to 1 cm4.

J Spectroscopic grade CO from a glass breakseal bulb was used for adsorption

without further purification. ‘3C0 was obtained from Merck Isotopes at 90%

enrichment and was used wi thout purification.

III .  RESULTS

A. Adsorption Isotherm

• By means of pressure measurements In the vacuum system of known volume,

It was possible to measure accurately the number of CO molecules adsorbed by

the Rh samples. A plot of typical results is shown In Figure 2. It was

• found that the final equilibrium pressure was approached very slowly In these
-

- 
- 

I measurements so that small positi ve errors in the pressure corresponding

to each point may exist. This does not affect the measurement of the quantity

of CO adsorbed. Beyond an equilibri um pressure of -1 torr, errors due to

volumetric and pressure uncertainties become too great for accurate continuation

of the isotherm. The points (a) to (e) on the isotherm in Figure 2 correspond

to the labeled infrared spectre in Figure 3. It was found that the Integra ted

~R intensity in spectra (a) to (e) increased in a linear fashion wi th the
• number of CO molecules chemisorbed. Thus, asstaing this relationship to hold
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for the entire range of coverage, we may calculate the approximate number 
—

of CO molecules adsorbed per Rh atom at high CO pressures from the integrated
Intensity of the spectra. At a final ~~ 50 torr, Nco z 0.92
using this method.

• - . 
B. Infrared Spectra of 12C0 Adsorbed on Rh

Following each adsorption point in Figure 2, the Infrared spectra shown in -

Figure 3 were recorded. Four spectral features are clearly evident at all

coverages of CO. A broad band at 1855 cm 1 develops and shifts to 1870 cm4 as

coverage increases. This band is assigned to CO bonded to more than one Rh atom

and is termed “bridged-CO,’0 Rh2(C0)
(13). A second band of low relative intensity

• is observed at 2056 cm~ at lowest CO coverage and shifts upward to 2070 cm4

as coverage increases. This is assigned as a linear-CO species bonded to a single

Rh atom which exists in coordination with other Rh atoms, Rh(CO)U3). it

has been shown previously that as the concentration of Rh on the Al203 support

is increased , both the linear and bridged-CO species are enhanced in

relative intensity(13). The most pronounced spectral feature in Figure 3 is a

doublet wi th components at 2101 cm4 and 203]. cm4. This doublet increases in

Intensity during the entire course of adsorption wi thout change in wavenumber,
- 

• as reported previously by Yang and Garland U3). The doublet is assigned to a pair

of CO molecules adsorbed on isolated Rh atoms, Rh (CO )2
(13). Spectrum (g) of

Figure 1 was taken with —50 torr 12C0 above the Rh surface , and on the leading

edge of the highest wavenumber peak one can see the fine structure of the CO(g)

superimposed on the spectrum. These spectra correspond almost exactly to

those obtained by Yang and Garland~~
3
~, except that a bridged-CO bond was not

observed in their work .on 2% Rh samples prepared In similar fashion to ours.

-______. ..——~~~~~~~ r~~~• • --’-~~~ —- ~~~~~ • • ~~~~~~~-.-~--~~ 
--
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Comparisons wi th the literature are suninarized below In Table I.

C. Desorpti on of ‘2C0 from Rh

It was found that CO could be reversibly desorbed thermally at I c 336 K.

Representative spectra are shown in Figure 4 for desorptlon. It was found

that rapid desorption occurs initially at 295 K for the Rh(CO)2 species and
that both Rh2(CO) and Rh (CO ) species appear to desorb less rapidly than
Rh (CO)2, as reported by others(13~17). However , at 295 K the rate of loss of

infrared Intensity decreases significantly following the fi rst desorption stage,

and the surface must be warmed slightly to promote more rapid removal of

chemisorbed CO.

It should be noted that the wavenumber of the components of the Rh(CO)2
doublet is invari ent at all stages of desorption whereas both the Rh(CO) and

Rh2(CO) features shift to sl ightly lower wavenumber as desorption progresses.

Following spectrum (d), CO was readsorbed at -50 torr and spectrum (a)

L 

was reproduced almost exactly. The reversible behavior for CO adsorption and

desorptlon below 336 K suggests that CO dissociation (or disproportionation),

• 
- 

leaving a carbon residue on the surface, does not occur below 336 K.

Carbonization of bulk Rh by CO has been reported at 573

0. Infrared Spectrum of 13C0 Adsorbed on Rh

• Adsorption experiments were repeated on a freshly prepared Rh/Al203
surface using 90% 13C0 as the adsorbate. The spectra for increasing exposure

to CO are shown in Figure 5. The general behavior observed for 12C0 is

reproduced for 13C0, and a comparison of wavenum bers for each i sotopic species

is given in Table II. An unusual and reproducible effect may be seen in comparison

of 12C0 spectra and 13C0 spectra (Figures 3 and 5). The intensities for the two

components of the doublet Invert when the di fferent CO Isotopes are adsorbed.

~~1-~~~~~~~~~~~~~~~~~~~~~~~
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E. Infrared Spectrum of Rh(’3CO ) ( 12~ø1
Since the 13C0 used above conta ins 10% 12C0, a doublet feature due to

Rh ( 13CO)(~
2CO) is expected. The high wavenumber component of this doublet is

seen In Figure 5 at 2086 cm4. The low wavenumber component is unfortunately
hidden under the 13C0 features near 2000 cm4. The statistical fraction , X ,

• of Rh(13C0)( 12CO) on this surface is 0.09. Using the maxImum absorbance peak

heights, A, for the two high wavenumber bands, we see that the ratio of absorbances
• RA Is

= A12 12 ~~ i2:i3 ~~~~~ 
= 

0.93 = 0.096 X (1)

where A 12 was not measured but assumed to be 0.01 from the statistics of12,
mi xing.

F. Exchange of 13C0(ads) with 12C0(g) -

Following the observation of the spectrum for ~
3CO in Figure 4, 50 torr

of 12C0(g) was introduced into the infrared cell , and the spectrum shown in

Figure 6 was measured within 11 mi nutes. Almost complete exchange of all

isotopic CO-adsorbed species was observed in this short time , and the rapidity
• 

• of this exchange process sharply contrasts with the slow rate of desorptlon

observed In Figure 4. In addition , follow ing exchange, a shou lder due to the

low-frequency component of the Rh( 13C0)( 12C0) doublet is now seen near

-2012 cm4. Unfortunately, It Is not possible to determine the exact frequency
of the Rh(13C0)( 12C0) low wavenumber component because the shoulder at 1012 cm 1

contains contribut ions from an un known ra tio of Rh ( 13C0)2, Rh(~
3CO ) ( 12CO),

• and Rh(12C0)2.

I. t _ _ _
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IV . OISCUSSION

A. Assignment of IR Spectral Features

Three infrared-acti ve adsorbed species are clearly seen from the spectra
of cheniisorbed CO on Rh. They are:

0 0  0 0
C C C

• Rh -Rh- - Rh - Rh—

I II I I I

The assignment of species I is made on the basis of the doublet in the

infrared spectrum and its close correspondence wi th the spectrum of

Rh2(CO) 4X2 where X = Cl or Br
(19) . This comparison is tabulated in Table III

and was originally proposed by Yang and Garland~~~ as evidence for species I.

The striking feature to be noted regarding the infrared spectrum of species I

is that both the CO stretching frequencies are invarient to within

1 cm4 over the entire coverage range studied here (a 30-fold range of

infrared intensity). This may be regarded as strongly indicative that the

Rh atoms associated with species I are in fact isolated Rh atoms on the Al203
support. For Rh atoms within a Rh cluster, CO adsorption on neighboring Rh atoms

shoul d lead to Interac tions producing an increase in wavenumber as CO coverage

increases. This behavior is generally observed for Interacting CO molecules on

bulk metals and may lead at full CO coverage to shifts of —100 cm 1 In the

C-O vibration. It is now genera~ly accepted that Interactional effects between

CO molecu les can occur via three mechan isms , namely dipole-dipole coupling, direct

intermolecular repu ls ion , and indi rect effects through the metal~
9’3~. The

suggestion that the lack of a coverage-dependent shift for species I was

I
~~~~~ ~

,‘.. 
~
•- _______
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indicative of isolated Rh atoms was first made by Yang and Garland~~
3
~. This

view is confirmed by Yao and Rothschlld~~~ , who suggest that on their Rh/Al2O3surfac

Rh...Rh distances of order 8 are necessary for Rh(CO)2 formation. The results

of this study are in agreement with this general view that isolated Rh atoms are

present.

Both species h and III are associated wi th infrared bands which shift

upwards by -15 cm 1 as CO coverage rises to saturation. These bands also exhibit

reversible wavenumber behavior upon desorption. On this basis, both species are

thought to exist on Rh sites which are coordinated to other Rh atoms.

The first site of this type would be Rh2. Multiple Rh coordination would permit

interactional effects between neighbor CO molecules on neighbor Rh atoms.

j B. Estimate of the Fraction )f Rh Present as Isolated Atoms

A qualitative model involving only Rh and Rh
~ 

sites is presented in this

section. In this model we assume that all Rh
~ 

sites adsorb only the bridged-CO

species, III. The amo’rnt of species Ills assumed to be zero in conformance

with the low intensity associated with this species (Figures 2-4).

Let = number of single Rh atoms.

NB number of Rh
~ 

sites.

Then ,

Ns +xN B = N Rh
2N5 + N 8 Nc0

From our volumetric uptake and infrared measurements , NCO/NRh 0.92 at

saturation. For x = 2 , Ms/NB = 0.8. For x = 3, N5/N9 1.62. These ratios

correspond to -40% or ‘60% isolated Rh atom sites,respectlveIy. A comparison of

• the integrated intensity of the doublet feature to the integrated intensity of the
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bri dged—CO feature indicates that -60% of the total integrated intensity is wi thin

the doublet feature. Based on the assumption of equivalent extinction coefficients

per CO moie~y for the two structures I and III , this measurement would suggest that

—30% of the sites are isolated Rh atom sites . While these two methods of

calculation both suffer from the approximations made, It is clear that an

appreciable fraction of the adsorption sites (30—60%) is capable of adsorbing

2—CO molecules and should be considered as Isolated Rh atoms.

C. Carbonyl Bonding in Rh(CO)2
The high wavenumber component In the doublet feature of Rh(CO)2

corresponds to the syninetric CO-stretching mode and is assigned in this fashion

in metal carbonyl spectra(26 28). The low wavenumber component is the result

4 of antisynmietric coupling between CO oscillators. It has been demonstrated

in metal carbonyls (27) that the ratio of integrated absorbance, (AasymIAsym)~
is related to the angle, (2a), between carbonyl groups as follows :

Aasym 
= tan2 a (2)

sym
- • 

As an example of the application of this equation, in the compound

( it— C5H5) Fe(CO)2 Sn(Ph) 3, the measured intensity ratio gives a value of

• 
2a 93~ whereas x-ray studies give 2cx

Because of overlap with other bands in Figure 2, it is not possible

from our data to measure accura tely Aasym/Asym~ However , from other work(hl)

where because of higher Rh dispersion this overlap was virtually elimi nated ,

AaSYn./ASym 1.0, yielding 2a 90°. This is In good agreement with the bond

angle (91°) between carbonyl groups In Rh2(CO )4Cl 2~
’8
~ and with the ratio

(A asyr/Asym) 1.0 ± 0.1 measured for thi s compound (13) . On th is bas is, we

V • - •

— —----~~ — ~~~-——- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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— _z ~ ~~~~~~~~~~~~~~ -~~~~ 
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conclude that the bond angle between CO’ s is near 900 for Rh(CO )2.

0. Isotopic Shift for 13C0—Labeled Species

For completely la beled carbonyl species , the Isotopic wavenumber ratio is

given by

* ~

H ~ = ( ~~1
V1Co1

where or are the reduced masses of the unlabeled and labeled CO

molecule l26 ). In Table II, the observed wavenumbers and their isotopic shifts

are shown from our experimental measurements and from the calculation based

on Equation (3). All wavenumber shifts calculated are in agreement wi th measured

shifts within the experimental error of locating band centers.

An explanation for the intensity inversion of the synmietri c and anti-

syninetric bands for species I following 13C0 isotopi c substi tution is currently

under Investigation.

E. Comparison of Isotopic Exchange with Desorption Measurements

All of the adsorbed CO species , I , II , an d III , undergo rapid isotopic

exchange wi th C0(g) at 295 K, as shown in Figure 6. It was noted that the

• exchange of ‘3C0(ads ) wi th 12C0(g) at 50 torr was much faster than the CO desorp-

tion rate (Figure 4) In vacuum at 295 K.

Two possible explanations can be offered to explain the rapidi ty and

completeness of CO exchange at high CO pressures :

1. High pressure CO above a surface containing species I, II , and III is
• able to produce transient adsorbed species containing extra CO moieties. Isotopic

-

• 

exchange with CO(g) takes place readily via these intermediate species . 

- ----- -—-  —

•~~•~ 
•
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2. •A fraction of the Rh and Rh
~ 

sites Is buried In pores within the

support and is rapidly accessible only at high CO pressures. Because of

readsorptlon processes during desorptton from these buried sites, the rate of

desorptlon is slow . However , at high CO pressures (-50 torr) both adsorption

and isotopic exchange occur readily.

We believe that both explanations may be involved here. The rapidity and

completeness of exchange suggests that model (1) above Is operative. The very

great decrease observed for the desorptlon rate of spectroscopi cally similar

CO (i.e., species I) suggests that model (2) applies to a fraction of the Rh

on the supported surface.

V. SUI*IARY

The foflowing features of CO adsorption on Rh/A1203 have been determined

or verified:

1. Three CO species, I, II , and III , are distinguishable on Rh/Al203
surfaces.

2. Species I , Rh (CO )2, is produced on isolated Rh atoms as judged from

lack of evidence for interaction wi th neighboring CO molecules as coverage is

Increased.

3. Species II and III are able to undergo interaction with neighboring

CO molecules adsorbed on neighbor Rh atoms. This suggests the presence of

some Rh
~ 

species.

4. An estimate of a surface popul ation of 30-60% isolated Rh atom

sites Is made, based on spectral band development and volumetric uptake measure-

ments.

5. Species I exists wi th an angle - 900 between CO groups.

L -- - • - - -•~~
_____________
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6. 13C0 substitution for 12C0 yields the expected IsotopIc shifts.

7. One feature in the spectrum of Rh(12C0)( 13C0) has been observed
at 2086 cm~~, lending further confirmation to the structure postulated for

species I.

8. Rapid isotopic exchange of 12C0 with 13C0(ads) occurs for all of

the adsorbed CO species. This suggests the existence of transient adsorbed

species containing more CO moieties than species I, II , and III .
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H
• TABLE !

Coeiparison of Full-Coverage Infrared Spectrum of CO on Rh/A1203 at 300 K

• Species (; )  —

• %Rh/Al203 Rh-CO Rh(CO )2 ~~~(CO) Reference

2.2% 2070 2101 ; 2031 1870 This ~~rk

• 2.0% —2068 2095 ; 2027 —- •(13)

O.92Z -2069 2100 ; 2030 1850 (17)

? Unresol ved 2108 ; 2040 1360 (15) 



• •.-,.- ‘

~
I .

TABLE II

Coniparison of Full-Coverage 12C0 and 13C0 Stretching Frequencies on Rh/Al203

Species ()
~~ — (cm)~~

Rh-CO Rh(CO)2 Rh2(~Q1

2070 2101;2031 1870

13C0 2024 2056;1987 1832

46 45;44 
• 

. 38

AVcal c 46 47;45 42

_ _ _ _ _ _ _ _ _ _ _  
_ _ _
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1~ABLE III

Comparison of Synrietric and Antisyninetric

Carbonyl Stretching Frequencies

Species

CO DC ,5’~ ,CO DC 
N , 

CO
Rh Rh Rh Rh Rh

oc’ “ ‘
~co oc’ V “coA1203 Cl Br

______ (gas ) ~(gas )
(cm ’) (ci’) (cm i)

2101 2095 2092

asym 2031 2043 2042

Reference : this work (19) (19)

• •

~~~ --•~~~ -—.— 
_  _ _ _

• ..~~~.:  • 
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Figure Captions

Figure 1. Side view of vacuum cel l used for transmission infrared spectroscopy

through supported metals.

Figure 2. Typical isotherm for CO chemisorption on supported Rh. T = 295 K.

(The labeled points correspond to spectra shown In Figure 3.)

Figure 3. Infrared spectra for 12C0 adsorbed on Rh for increasing CO coverage.

T = 2 9 5 K.

Spectrum (a). 
~co 2.9 x 10~~ torr

Spectrum (b). 
~co ~~ x 10~~ torr.

Spectrum (c) , 
~CO = 5.0 x 1O~~ torr.

I

Spectrum (d). ~~ = 8.3 x torr.

Spectrum (e). ~~ 0.76 torr .

Spectrum (“ 
- 

9.4 torr .

Spectrum (g). 
~co 50 torr .

Figure 4. Infrared spectra for 12C0 on Rh following desorption. •

Spectrum (a). Full coverage at —50 torr, 295 K.

Spectrum (b). Desorption time, 150 s , 295 K.

Spectrum (c). Desorption tIme , 3.6 x 1O4 s 321 K.

Spectrum (d). Desori~tion time, 2.2 x IO~ s, 336 K. 
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FIgure 5. Infrared spectra for 90%- 13C0 adsorbed on Rh for increasing CO coverage

I 1=295 K.

Spectrum (a). 
~co = ~ x 1O~~ torr .

Spectrum (b). 
~co ~ x 10~~ torr.

Spectrum (c). 
~co - 7.5 torr.

Spectrum (d). 
~co = 50 torr .

t FIgure 6. Spectral changes during is~~opic exchange of 13C0(ads ) wi th 12C0(g).

1=295 K.

- Spectrum (a). Full coverage 13C0 (90%) achieved at -50 torr.

j Spectrum (b). Following 660 sec. exchange with 12C0 at 50 torr.
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- TYPICAL ISOTHERM FOR CO
CHEMISORPTION ON SUPPORTED Rh.

T=295K
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